Introduction
Macrophages ingest microbes and deliver them to an acidic digestive compartment, the phagosome, where the internalized particles are digested. The phagocytic digestion has an essential physiological role in morphogenesis and homeostasis by clearing degenerated cellular and non-cellular components in tissues. After formation on the cell surface, nascent phagosomes lose plasma membrane moieties by recycling them back to the plasma membrane, and progressively acquire digestive characteristics. This maturation of phagosomes involves regulated interaction with the other membrane organelles, including recycling endosomes, late endosomes and lysosomes (Vieira et al., 2002) .
The phagosomes establish an acidic milieu inside during the maturation. This phagosomal acidification is thought to be a prerequisite for the killing function: first, most lysosomal digestive enzymes prefer the acidic pH for their optimal activity, and second, production of germicidal hydrogen peroxide and other reactive oxygen species requires large amounts of protons (Vieira et al., 2002) . Third, acidification is also required for the maturation of phagosomes themselves. Although the underlying mechanistic link between the membrane fusion and acidification is not fully understood, many observations suggest that the proper acidification inside the endocytic organelles is required for the correct progression of the endocytic pathway (Hurtado-Lorenzo et al., 2006) , and this also seems to be true in the maturation process of phagosomes.
The phagosomal acidification is established by the vacuolar-type proton transporting ATPase (V-ATPase), which is distributed to various exocytic and endocytic organelles. Although the presence of V-ATPase in the phagosomal membranes is well established (Lukacs et al., 1990) , the mechanism by which this proton pump arrives at phagosomes remains obscure. Phagosomal acidification is considered to be a result of fusion between phagosomes and lysosomes where the V-ATPase and proteinases are enriched.
However, V-ATPase-mediated phagosomal acidification begins at a very early stage of phagosome formation, well before the phagosomes acquire markers of lysosomes (Lukacs et al., 1992; Yates et al., 2005) . V-ATPase and the other lysosomal proteinases (cathepsins) are recruited to phagosomes with different kinetics (Tsang et al., 2000; Yates et al., 2007) . Mycobacterium-containing phagosomes acquire the lysosomal membrane protein lamp1, but V-ATPase is absent on their membrane (Deretic et al., 2006; Drecktrah et al., 2007; Sturgill-Koszycki et al., 1994) . These observations, collectively, suggest that V-ATPase arrives at the phagosomes via a distinctive pathway from those used by the lamp proteins and cathepsin proteases. Phagosomal V-ATPase is considered to be derived from lysosomes; however, this has yet to be formally proven. Because V-ATPases are distributed in various membranes including the Golgi complex and secretory granules Toyomura et al., 2000) , it is probable that these membranes provide the acidification machinery to maturing phagosomes, as suggested from the effects of brefeldin A on VATPase trafficking (Fratti et al., 2003) . In highly specialized cells such as osteoclasts or renal epithelial cells, V-ATPase resides on the plasma membranes and participates in acidification of cell exterior (Oka et al., 2001; Toyomura et al., 2003) . Another possible scenario thus emerges that if macrophages possess cell surface VATPase, this could be internalized into nascent phagosomes and contribute to the early phase acidification.
In this study, we showed that the V-ATPase a3 subunit, which is accumulated in late endocytic compartments, is localized to the limiting membranes of phagosomes. The acidification in phagosomes and bacteria-killing function were impaired in macrophages lacking the a3 subunit. These findings support the view that the phagosomes acquire the proton pump from late endocytic organelles, such as lysosomes. We modified the a3 subunit locus to express a fluorescent a3 subunit (a3-GFP), and visualized The nascent phagosome progressively establishes an acidic milieu by acquiring a proton pump, the vacuolar-type ATPase (V-ATPase). However, the origin of phagosomal V-ATPase remains poorly understood. We found that phagosomes were enriched with the V-ATPase a3 subunit, which also accumulated in late endosomes and lysosomes. We modified the mouse Tcirg1 locus encoding subunit a3, to express an a3-GFP fusion protein.
Live-cell imaging and immunofluorescence microscopy revealed that nascent phagosomes received the a3-GFP from tubular structures extending from lysosomes located in the perinuclear region. Macrophages from a3-deficient mice exhibited impaired acidification of phagosomes and delayed digestion of bacteria. These results show that lysosomal V-ATPase is recruited directly to the phagosomes via tubular lysosomes to establish the acidic environment hostile to pathogens.
how phagosomes acquire the V-ATPase in live macrophages. Direct observation of the fluorescently tagged V-ATPase showed that lysosomal V-ATPase was transferred to maturing phagosomes via tubular structures. These data provide compelling evidence that phagosome acidification is carried out by the V-ATPase of lysosomal origin, and phagosome-lysosome interaction is mediated by the tubular extensions from lysosomes.
Results

V-ATPase a3 subunit is localized to phagosomes
V-ATPase a-subunit isoforms are components of the membrane sector and localize to specific subcellular compartments: a1 and a2 accumulate in the Golgi complex and early endosomes (HurtadoLorenzo et al., 2006; Toyomura et al., 2000) , whereas the a3 subunit is the major component for the proton pumps associated with late endosomes and lysosomes. The a3 subunit is also found on the various lysosome-related organelles, including pancreatic insulin granules, hormone-containing granules and melanosomes (SunWada et al., 2007; Sun-Wada et al., 2006; Tabata et al., 2008) .
V-ATPases are distributed in various organelles consisting of the exocytic and endocytic pathways. We examined subcellular localization of the subunits in mouse peritoneal macrophages by immunofluorescence microscopy using the antibodies specific for the a1-a3 subunits. In peritoneal macrophages, the a3 subunit was highly accumulated in organelles localized to perinuclear region (Fig. 1A) . The a1 subunit, which was first identified as a component of clathrin-coated vesicles (Perin et al., 1991) , appeared as numerous dots concentrated at the perinuclear region and in macrophages (Fig.  1G ). The a2 subunit was highly accumulated in the perinuclear region (Fig. 1I) , suggesting that the a2 subunit is a component of V-ATPase of the Golgi complex, as shown previously in the murine macrophage-like cell line RAW264.7 (Toyomura et al., 2003) .
Next, we observed the subcellular localization of the subunits in macrophages internalizing bacteria. The macrophages were cocultured with Escherichia coli expressing red fluorescent protein, then fixed and stained with the subunit-specific antibodies. Phagosomes containing bacteria were decorated with the a3 subunit ( Fig. 1B-F ), whereas they were essentially free from the a1 and a2 subunits (Fig. 1H,J) , showing that the phagosomes possessed the V-ATPase with the a3 subunit as the proton pump. The distributions of a1 and a2 subunits remained unchanged before and after bacterial ingestion (Fig. 1H,J) , suggesting that either the a1 or a2 subunit is not recruited to the phagosomal membranes.
Creation of mice expressing a3-GFP fusion protein
The a3 subunit changed its appearance upon internalization of bacteria, as shown in Fig. 1B -E. We reported previously that the a3 subunit exhibits dynamic changes in its cellular localization during osteoclast differentiation (Toyomura et al., 2003; Toyomura et al., 2000) . We attempted to examine these dynamic processes by live cell imaging using a fluorescent a3 subunit, as successfully used before in Dictyostelium (Clarke et al., 2002) . However, several trials to express the a3 subunit from cDNA-based constructs in various cell lines were unsuccessful, probably because of the toxicity of deregulated episomal expression of the membrane intrinsic subunit of the pump complex. Therefore, we modified the mouse Tcirg1 locus, encoding the a3 subunit, to produce an a3-GFP fusion protein via embryonic stem (ES)-cell-mediated gene targeting ( Fig.  2A) . We obtained mice homozygous for Tcirg1 floxGFP with the expected ratio (33% Tcirg1 These Tcirg1 floxGFP/floxGFP mice (referred to as a3-GFP mice hereafter) were indistinguishable from wild-type littermates in appearance and they were fertile.
We performed immunoblot analysis of lysates prepared from mouse livers. As expected, the ~110 kDa a3 protein was only detected in Tcirg1
WT/WT and Tcirg1 WT/floxGFP mice, whereas thẽ 140 kDa product, which was also detected with an anti-GFP antibody, was apparent in Tcirg1 floxGFP/floxGFP and Tcirg1
WT/floxGFP mice ( Fig. 2B) . In macrophages prepared from the a3-GFP mice, GFP and immunofluorescence signals for a3 colocalized well (Fig.  3) . The GFP signal partially overlapped those of syntaxin 7 (Stx7) ( Fig. 3U -X) and Lamp2 ( Fig. 3I-L) , markers for late endosomes and lysosomes, respectively, whereas the early endosomal markers, sorting nexin 1 (Snx1) and Rab5 ( Fig. 3M -T) were not colocalized with the GFP signals. In addition, the staining patterns of the various organelle markers in cells expressing the a3-GFP were similar to those observed in wild-type cells (Fig. 3 ). These observations, collectively, indicated that the a3-GFP was associated with the late endocytic compartments in macrophages, and the overall cellular and endosome/lysosome morphology was not affected by the expression of the a3-GFP from the Tcirg1 loci. The V-ATPase complex undergoes assembly and disassembly of the catalytic sector (V1) and the membrane embedded sector (Vo) responding to physiological stimuli and cellular conditions ( Beyenbach and Wieczorek, 2006; Breton and Brown, 2007; Kane and Parra, 2000) . We asked whether the a3-GFP was assembled into V-ATPase holoenzyme by immunofluorescence microscopy ( Fig. 3Y-β) . The a3-GFP signals overlapped with signals for the B2 subunit, a component of the V1 sector, suggesting that most a3-GFP existed as a component of the V1-Vo holoenzyme.
Live-cell imaging of the a3 subunit in macrophages
We then examined V-ATPase dynamics during phagosome formation and maturation. In live cells, a3-GFP was associated with tubular structures extending from the perinuclear region toward the cell periphery, in addition to the perinuclear region (Fig. 4A,B) . The peripheral terminals of the extensions frequently moved forward and backward as if moving on a rail (supplementary material Movie 1), and treatment with nocodazole, a microtubuledepolymerizing reagent, disrupted the tubular extensions ( Fig. 4C -H). The tubular extensions positive for a3-GFP were labeled with a fluid-phase marker, TMR-dextran, after a prolonged chase period ( Fig. 4I-L) . By contrast, Texas-red-conjugated transferrin, a marker for early and/or recycling endosomes was essentially absent in the tubular structures positive for a3-GFP ( Fig. 4M-P ). These observations suggested that the tubular extensions are located distal to the endocytic pathway rather than in the intermediate endosomal compartments.
When macrophages expressing a3-GFP were exposed to IgGopsonized yeast cells, the a3-GFP-positive tubular extensions moving in the cytoplasm seemed to be trapped by the phagocytosed Journal of Cell Science 122 (14) yeast cells (Fig. 5 ; supplementary material Movie 1), and the GFPpositive tubules embraced the phagosomes within 1 minute . These images showed that the phagosomes acquired VATPase directly from tubular lysosomes during the maturation process. Furthermore, this deposition of V-ATPase subunit occurred at an early stage of phagosomal maturation, around 5-10 minutes after incubation with phagocytic substrates.
Recruitment of the a3 subunit in the early phase of phagosome maturation
We then examined the sequence of phagosomal maturation (Fig.  6 ). In the early stages of phagosome maturation (t<10 minutes), latex beads positive for F-actin (but negative for human IgG signal, see legend to Fig. 6 ) were negative for the GFP signal, indicating that the V-ATPase did not associate with the earliest stage of phagosomes. At 5 minutes, most latex beads were positive for Snx1 (an early endosome marker) and Rab7 (a late endosome marker), and approximately half of them were already positive for the a3-GFP signals, implying that the a3 subunit is recruited to the nascent phagosomes soon after they have lost F-actin (Fig. 6 ). The colocalization of Rab7 and a3-GFP on the latex beads became obvious at 10 minutes (Fig. 6E,F ), but that of Snx1 and the a3-GFP signal was decreased at 10 minutes and was completely absent at 30 minutes (Fig. 6C,D) , reflecting the fact that the internalized beads gradually lost early endocytic characteristics. In parallel, the a3-GFP signal seemed to become stronger (Fig. 6G) . Lamp2 (the lysosome protein) seemed to be recruited to the internalized beads after they had accumulated the V-ATPase, because at an early stage of maturation (5 minutes), no a3-positive beads exhibited detectable levels of the Lamp2 signal (Fig. 6H) .
Phagosomal acidification and function
The dynamic subcellular localization of the a3 subunit implies that the proton pump with this subunit is responsible for the phagosomal acidification, a hallmark of macrophage function. We then examined the phenotypic consequence of genetic inactivation of the a3 subunit. We introduced loxP sites into intron 13-14 and the noncoding region in exon 20 (the last exon) of Tcirg1, so that the modified Tcirg1 allele, Tcirg1 floxGFP could be inactivated through Cre recombinase-mediated recombination ( Fig. 2A , n=154), and thus Tcirg1 Δ/Δ mice (referred to as a3 mutants, hereafter) develop to term and are delivered. The absence of the a3 subunit in the a3 mutants was confirmed by immunoblot analysis (Fig. 2C) . The a3 mutants were indistinguishable at birth, but they were smaller than normal littermates by 2 weeks of age. They did not develop teeth, and could not survive for more than 1 month, as reported for the targeted or induced mutation of Tcirg1 (Li et al., 1999; Scimeca et al., 2000) .
We analyzed phagosomal acidification by ratiometric measurement of fluorescence emitted by internalized FITC-labeled beads. At the earliest point of measurement (4-10 minutes), there was a slight difference between the wild-type (pH 7.5±0.8) and mutant (pH 7.7±0.3) phagosomes. After 1 hour (recorded at 60-70 minutes after feeding the beads), the wild-type phagosomes were acidified (pH 5.9±1.0), whereas the mutant pH remained near neutral (pH 7.0±0.4). The prominent decrease in phagosomal pH in the wild-type macrophages as well as the limited acidification in the mutant cells were depends on the V-ATPase function, because both acidifications were completely inhibited by the addition of floxGFP (A-C, E-G, I-K, M-O, Q-S, U-W and X-α) and wild-type (D, H, L, P, T, X and β) mice were fixed with paraformaldehyde, and then probed with antibodies against a3 (A-C), Rab7 (E-G), Lamp2 (I-K), Snx1 (M-P), Rab5 (Q-T) and Stx7 (U-W), B2 subunit of V-ATPase (X-β) and Cy3-conjugated secondary antibodies. The images were acquired under illumination for GFP and Cy3 on a laser confocal microscope (LSM510). Scale bar: 10 μm.
Fig. 4. a3-GFP is associated with tubular compartments. (A-H) Macrophages homozygous for Tcirg1
floxGFP were cultured on glass-bottomed dishes placed on a microscope stage in a climate chamber (5% CO 2 , 37°C), and viewed with Nomarski optics (A). The GFP signal was recorded (B), then the medium was replaced with medium containing 10 nM nocodazole (C-G). The addition of nocodazole was made at time 0. After approximately 90 minutes of treatment with nocodazole, the cells were washed extensively with drug-free medium and further incubated for 1 hour (H). Arrowheads indicate the tubular structures. (I-L) a3-GFP-positive tubular extension accumulates endocytic markers. Macrophages expressing a3-GFP were labeled with 1 mg/ml TMRdextran (molecular weight 7000) for 1 hour, then chased for 6 hours in dextran-free medium for endocytic labeling of lysosomal compartments (I-L), or they were incubated with 10 mg/ml Texas-red-labeled transferrin for 10 minutes, and chased for 12 minutes in DMEM plus FBS for labeling of early and recycling endosomes (M-N). Cells were viewed on a microscope with illumination for GFP (I,M) and Texas red (J,N) epifluorescence. Scale bars: 10 μm.
bafilomycin A1, a potent and specific inhibitor of V-ATPase (Fig.  7A) . These results indicated that genetic loss of the a3 subunit results in severe impairment in the phagosome acidification, and the VATPases with the other a subunits were able to rescue this defect only partially, if at all.
The wild-type macrophages efficiently inactivated the internalized bacteria within 24 hours; however, the mutant macrophages exhibited impaired killing activity (Fig. 7B ). In the wild-type macrophages, the phagocytosed bacteria became round and eventually became fragmented 3 hours after infection, and most signals had disappeared by 24 hours (Fig. 7C,D) . By contrast, in the a3 mutant macrophages, a significant portion of the bacteria exhibited a rod-like shape even after a 1-day chase period, indicating that their phagosomes are less able to decompose the internalized materials (Fig. 7D ). This defect in bacterial killing was not due to impaired phagocytosis of bacteria, because both wild-type and mutant macrophages engulfed E. coli with similar efficiencies (Fig. 7B,D) .
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The mutant macrophages accumulated mature forms of the lysosomal proteinases cathepsin-B, -D and -L (Dragonetti et al., 2000; Kominami et al., 1988; Yeyeodu et al., 2000) , implying that the steady-state levels of active lysosomal enzymes were not severely changed by the loss of the a3 subunit (Fig. 8) . We examined the time-course of Snx1, Rab7 and Lamp2 to phagosomes in the a3 mutant macrophages, and found that the mutant phagosomes lost Snx1 within 30 minutes, and became positive for Rab7 transiently, then acquired Lamp2 after 60 minutes (Fig. 9) . This observation showed that the nascent phagosomes could acquire the lysosomal characteristics, even in the absence of the a3 subunit and prominent acidification.
Discussion
We found that the a3 subunit, a component of late endosomal and lysosomal V-ATPase complex, localizes to phagosomes. We also showed that loss of the a3 subunit causes impaired phagosomal acidification and bacteriocidal function. These findings indicate that 
Table 1. Oligonucleotides used in this study
Primer Sequence a3GFP-S1 5 -CAGGCACCGGCTACAAGCTCAGCCCCTTCACCTTCACTGTGGACAGTGACGCCGCTCTAGAACTAGTGGA-3 a3GFP-A1 5 -GCCAGCTCTTTATTCCTGTCCCACTTCGGAGAAGCAGGGATTGCAGTGGGTTTCTGTCTCTTATACACAT-3 a3GFPDT-L 5 -AGGAGTAGGCTCCTCGGAAATGGTACCCACCCTTCAATCCCAGAGCAAAGGAAGCTTCCGCGGTCCGTTTAAACAGCTC-3 a3GFPDT-R 5 -GGAGTTTGAAGAAAGGCCATGTAAGACTGTGCTGGCGTGCAGCATTCTTGAAGCTTCGGCCGGCCCGGGCGATCCCCCGA-3 GFP-S5 5 -CCGTGCTGCTGCCCGACAACCACTACCTGA-3 HR-Rv1 5 -AGCTGCAGCTCTTCCTGTTGCTCTGACCAACC-3
For oligonucleotides a3GFP-S1 and a3GFP-A1, sequences corresponding to the a3 region and EGFP-loxP-Zeo-loxP cassette are shown in italics and roman text, respectively. For a3GFPDT-L and a3GFPDT-R, sequences corresponding to the a3 region and pBSDT-AII plasmid are indicated in italics and roman text, respectively.
this particular proton pump is responsible for phagosomal acidification and function. Although targeted mutations, as well as natural mutations in mouse Tcirg1 have been characterized previously (Li et al., 1999; Scimeca et al., 2000; Utku et al., 2004) , the defects in macrophage function have not been described. Tcirg1, the current official nomenclature for the structural gene of V-ATPase a3 subunit, stands for 'T-cell, immune regulator 1', reflecting the fact that this molecule was identified during studies on a T-cell activation signaling (Utku et al., 1998) . Mutations in TCIRG1 are responsible for human infantile malignant osteopetrosis (OMIM: *604592), which is characterized by impaired bone resorption because of osteoclast dysfunction. The patients suffer multiple infections and often develop life-threatening sepsis and osteomyelitis (Del Fattore et al., 2007; Wilson and Vellodi, 2000) . Although the etiology is considered to be defective bone marrow development (Blin-Wakkach et al., 2004) , it is also plausible that defective macrophage functions cause severe infections.
V-ATPase a3 subunit is transferred to nascent phagosomes positive for the early endosome marker Snx1, whereas we observed that F-actin and a3 are rarely colocalized in the same phagosomes. Therefore, soon after losing the filamentous actin, the premature phagosomes acquire the proton pump from the late endocytic compartments (Fig. 7E) . This time-course agrees with the acidification kinetics reported previously (Lukacs et al., 1990; Steinberg et al., 2007; Yates et al., 2007) . The early recruitment of a3-GFP to phagosomes occurs via tubular structures extending from the perinuclear lysosomes along microtubules. Nascent phagosomes become acidic by acquiring the V-ATPase through a microtubuledependent mechanism (Desjardins et al., 1994; Harrison et al., 2003) . Given the nascent or early phagosomes are localized more peripherally, whereas the late endosomes/lysosomes are centrally near the microtubule-organizing centre (MTOC), the V-ATPase with a3 subunit is directed in a centrifugal direction in macrophages (Fig. Journal of Cell Science 122 (14) 7D). In addition to this centrifugal movement, imaging of Rab7 and its effecter (RILP) revealed a membrane flow in the opposite, centripetal direction: these markers appear on tubules extending from maturing phagosomes toward the MTOC, where lysosomes are accumulated (Harrison et al., 2003) . Taken together with the fact that phagosome moves bidirectionally along microtubules (Blocker et al., 1997) , both centripetal and centrifugal membrane dynamics seem to be involved in the phagosomal maturation. It should be noted that the experimental system might enhance one direction preferentially. Because RILP regulates the microtubulemediated movement of Rab7-positive compartments, its ectopic expression could shift the balance of membrane movement toward centripetal direction, because overexpression of RILP results in Macrophages were obtained from a3 mutants and their wild-type littermates at 2 weeks after birth. The wild-type and mutant macrophages were fed with FITC-labeled, IgG opsonized latex beads (t=0) and the phagosomal pH was determined by fluorescence ratiometry under illumination with pH-insensitive (440 nm) and pH-sensitive (490 nm) excitation. In several measurements, bafilomycin A1 (BafA1, 1 μM) was added at 35 minutes, and pH was determined at 55-65 minutes. (B) Bacteriocidal activity of macrophages. Peritoneal macrophages were exposed to E. coli for 1 hour and then cultured in the presence of gentamicin. Viable intracellular bacteria were quantified by gentle lysis of the macrophages at the indicated time points and subsequent plating on LB agar plates. (C,D) Digestion of bacteria in macrophages. After exposure to E. coli expressing DsRed monomer for 30 minutes, the macrophages were fixed at the indicated times and images were recorded with Zeiss LSM510. The cells containing undigested bacteria were counted (n>500 at each time point) and are plotted in C. Typical images at the indicated times are shown in D. Experiments were performed at least three times. (E) A tubular lysosome provides V-ATPase to a nascent phagosome. The phagosome acquires the lysosomal proton pump from tubular lysosomes extending along microtubules. This transfer occurs soon after F-actin filaments have become detached from the nascent phagosomes or phagocytic cups, and thus the acidification by the V-ATPase with the a3 subunit begins at an early stage of phagosome maturation. Results in A and C are means ± s.d.
clustering of the lysosomes near the MTOC (Cantalupo et al., 2001 ). The centrifugal membrane dynamics might not be restricted to macrophages. Dendritic cells, another class of bone-marrow-derived cell with an antigen-presenting function, also exhibit tubular lysosomes upon stimulation by LPS (Vyas et al., 2007) . Osteoclasts, bone-resorbing bone-marrow-derived cells, acquire acid-secreting activity by relocating the V-ATPase to specialized areas of the plasma membrane called bone-resorbing lacuna, through a process involving centrifugal translocation of the lysosome compartments toward the cell surface (Toyomura et al., 2003) .
The lysosomal membrane protein Lamp2 and V-ATPase reach the maturing phagosomes at different times. Biochemical studies show that V-ATPase is fractionated in detergent-resistant membrane (DRM) subdomains, whereas Lamp proteins are associated with non-DRM subdomains (Dermine et al., 2001; Lafourcade et al., 2008; Sprenger et al., 2006) . During maturation, lipid microdomains are formed on phagosomes, where the membrane fusion machinery is enriched (Dermine et al., 2001) . We considered whether the kinetic differences in the arrival times of Lamp2 and V-ATPase involves lipid microdomain segregation. However, we could not detect colocalization of a3-GFP with any DRM markers, including cholera toxin B-subunit and flotillin-1, in live or fixed macrophages, respectively (data not shown). Furthermore, the a3-GFP expression pattern was not changed by addition of filipin, nystatin or by treatment with U18666A (data not shown).
The phagosome-lysosome interaction occurs through a complex process in which multiple phases of membrane interactions are involved. This is an important aspect of phagosome dynamics, because various pathogens overcome the innate immune defense by modifying these processes (Haas, 2007) . Indeed, mycobacteria neutralize the bacteriocidal activity by interfering with V-ATPase recruitment to bacterium-containing phagosomes (Sturgill-Koszycki et al., 1994) . In this regard, the imaging of V-ATPase dynamics in pathogen-infected macrophages will provide an insight into how distinctive pathogens affect the different stages of phagosome maturation.
Materials and Methods
Antibodies
Antibodies against V-ATPase a subunits, B2 subunit, Snx1, Stx7 and Rab7 were described previously (Nakamura et al., 2001; Nakamura et al., 2000; Toyomura et al., 2000) . Rat anti-Lamp2 monoclonal antibodies were provided by Developmental Studies Hybridoma Bank. Anti-cathepsin-D (rabbit polyclonal) was from Wako Pure Chemicals, and rat monoclonal antibodies against cathepsin L (MAB9521) and B (MAB965) were from R&D Systems. Anti-GFP and anti-actin antibodies were purchased from Clontech and Abcam. Fluorescent dyeor enzyme-linked secondary antibodies were obtained from Jackson ImmunoResearch. Tetramethylrhodamine-conjugated dextran (TMR-dextran, MW. 7000, lysine-fixable) and Texas-red-conjugated human transferrin were purchased from Invitrogen.
Creation of a modified Tcirg1 allele
A loxP-EM7-Zeo R -loxP cassette (Aoyama et al., 2005) was placed in a modified version of pEGFP-C1 plasmid (Clontech). Using this construct as a template, PCR was performed with primers a3GFP-S1 and a3GFP-A1 [exhibiting homology to a3 (shown in italics in Table 1 ) and the EGFP-loxP-Zeo-loxP cassette (in roman script in Table 1 )]. A bacterial artificial chromosome (BAC) containing the Tcirg1 locus (clone 206L24, Incyte) was modified with the PCR product in E. coli DY380 (Lee et al., 2001) . This strategy created a gene encoding an a3-GFP fusion protein, in which the C-terminal of a3 was joined to the N-terminal of EGFP by a linker sequence (AALELVDPPGSIAT). The modified a3 sequence (from a part of intron 9-10 to 1.4-kb downstream of the 3Ј untranslated region) was retrieved in pBSDTA-II plasmid (Aoyama et al., 2005) in the DY380 strain by transforming a DNA fragment amplified with a3GFPDT-L and a3GFPDT-R primers (Table 1) . Then loxP-Zeo-loxP was converted a single loxP site in a Cre-expressing bacterium. A cassette encoding the neo gene with FRT and loxP sequences was inserted by means of an in vitro reaction (Aoyama et al., 2005) to generate a collection of targeting vectors. We selected a clone having the FRT-loxP-neo cassette in intron 13-14 ( Fig. 2A) .
The R1 embryonic stem cell line (Nagy et al., 1993) was transfected with the genetargeting construct. Homologous recombinants were identified by PCR screening using a pair of oligonucleotides, GFP-S5 and HR-Rv1 (Table 1) . Chimeric animals were generated by injecting the homologous recombinants into blastocoels of C57Bl/6 embryos (Hogan et al., 1994) . A Tcirg1 targeting mouse was crossed with B6;SJLTg(ACTFLPe)9205Dym/J (Rodriguez et al., 2000) to remove the Neo segment, and mice of Tcirg1 WT/floxGFP genotype were obtained. The Tcirg1 WT/floxGFP mice were crossed to generate mice homozygous for Tcirg1 floxGFP , which turned out to be healthy and fertile. Tcirg1
WT/floxGFP mice were further crossed with the FvB/N-Tg(EIIa- . Phagosome maturation in a3 mutant macrophages. Macrophages obtained from a3 mutant animals were fed with latex beads and then processed for immunofluorescence analyses as described in Fig. 3 . The mutant macrophages lost F-actin and Snx1, and were transiently labeled with Rab7, and in parallel, they accumulated Lamp2 with kinetics essentially the same as seen in wild-type macrophages. Each panel represents the distribution in 200-400 beads. The total beads analyzed at each time point was set at 100%, and the percentage of beads with markers is shown.
cre)C5379Lmgd/J strain expressing Cre recombinase at preimplantation developmental stages (Lakso et al., 1996) to remove exons 15-20 and to generate Tcirg1 WT/Δ animals. Tcirg1 WT/Δ were further crossed with wild-type C57Bl/6 animals to remove the Cre transgene, and a cohort of Tcirg1 WT/Δ animals were established. All animals were handled according to the guidelines of institution and governmental policies.
Microscopy
Live cells were observed on ASMDW microscope equipped with a 63ϫ glycerolimmersed objective of 1.3 NA (Leica) and a Roper CoolSNAP HQ camera. Fixed specimens were observed under a laser confocal microscope LSM510 (Zeiss) equipped with oil-immersed objective of 1.4 NA. The images were captured with Leica software and processed for presentation with Adobe Photoshop and NIH ImageJ software.
Macrophage culture and microscopy
Macrophages were obtained from mice intraperitoneally injected with 1 ml thioglycollate medium 4 days before harvest, and cultured on glass bottom dishes in DMEM plus 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen). The macrophages were starved for 1-4 hours in DMEM plus 0.1% FBS, and then they were fed with phagocytic markers at t=0, spun briefly in a table-top centrifuge at 250 g for 1 minute to synchronize phagocytosis. Cells were washed extensively with assay medium (DMEM plus 0.1% FBS, or Dulbecco's PBS supplemented with glucose and pyruvate). For live-cell imaging, phenol red was omitted from the medium. The cells were fixed with freshly prepared 4% paraformaldehyde in Dulbecco's PBS, and processed for immunocytochemistry as described elsewhere Tabata et al., 2008) . Immunofluorescence images were acquired either on a confocal laser-scanning microscope (Zeiss LSM510 equipped with Plan-Apochromat 63ϫ 1.4 NA oil-immersed objective) or on a wide-field fluorescence microscope (Leica ASMDW, 63ϫ glycerol-immersed objective of 1.3 NA. The images were captured by Zeiss or Leica software and processed for presentation by Adobe Photoshop and NIH ImageJ software.
Phagocytosis assay and pulse-chase protocol a3-GFP macrophages were overlaid with the opsonized latex beads (Bangs laboratories) which were opsonized with 1 mg/ml human IgG (Sigma). After centrifugation at 250 g for 1 minute (t=0) and standing for 1 minute at 37°C, unbound beads were washed out with prewarmed medium. The cells were fixed after incubating for the indicated periods. The samples were incubated with Cy5-conjugated donkey anti-human IgG (Jackson ImmunoResearch) to decorate external beads, then the cells were permeabilized and processed for immunofluorescence staining.
Macrophage function
Macrophages were incubated with E. coli XL1-Blue in a bacteria:macrophages ratio of 25:1 for 1 hour at 37°C to allow phagocytosis to occur. After 1 hour, gentamicin (100 μg/ml) was added to the medium to kill extracellular bacteria. Then, the medium was replaced with fresh medium containing 10 μg/ml gentamicin. At 2, 6, and 24 hours, cells were lysed with 0.5% Triton X-100 in PBS, and the lysates were plated on LB plates and colonies were counted after overnight incubation at 37°C.
The phagosomal pH was measured by single-particle fluorescence ratiometry (Steinberg et al., 2007) . Macrophages fed with FITC beads opsonized with human IgG were placed under a Leica ASMDW microscope. They were illuminated at 440±10 nm and 490±10 nm excitation with a monochromator (Leica), and images were captured using a 527±15 nm band-pass filter (Leica L5 cube without an excitation filter). For some measurements, V-ATPase inhibitor bafilomycin A1 (1 μM) was added at 35 minutes, and images were recorded at 55-65 minutes. The background subtracted fluorescence ratios were determined using NIH ImageJ software, and the pH of each phagosome was calculated from a standard curve generated by ratioimaging the latex beads incubated in buffer series of pH 4-8, 25 mM Mes-Tris or 50 mM potassium acetate containing 180 mM KCl, 10 μg/ml nigericin and 1 μg/ml valinomycin.
Statistical analyses
The results are presented as means ± s.d. Student's t-test (two-tailed) was used to evaluate the data. Values of P<0.05 were considered significant.
